Introduction
The nefgene of the primate lentiviruses encodes a myristoylated polypeptide of 206 (human immunodeficiency virus type 1 (HIV-1)) to 265 (Simian immunodeficiency virus) amino acids with an apparent molecular mass of between 27 and 35 kDa [ 11. Early studies defined nefas a negative regulator of viral replication; however, there is now a growing consensus that Nef can be considered an essential regulatory protein critical for achieving high viral load and disease progression. A number of functions in vitro have been ascribed to Nef but it is unclear at present how each of these functions conAbbreviations used: GST, glutathione-S-transferase; HIV-1, human immunodeficiency virus type 1; HRP, horseradish peroxidase; myrGST, myristoylated GST; Nef-GST, fusion protein of Nef with GST; Nef(m-)GST, non-myristoylated derivative of Nef-GST; PXXP, proline-rich motif in Nef.
tributes to the requirement for Nef in vivo. What is clear is that myristoylation plays an important role in most of these functions and it also follows that Nef myristoylation is critical for the life cycle of the virus in vivo. This conclusion is borne out by the conservation of the myristoylation signal in both laboratory and primary isolates of Nef, despite the high level of variability in the rest of the gene.
Myristoylation has a profound effect on the subcellular localization of Nef transient transfection studies in Cos cells demonstrated that the association of Nef with cytoplasmic membrane structures required myristoylation; however, myristoylated Nef was also found in the cytosol [2, 3] . Non-myristoylated Nef was found in the cytosolic fraction and also in the nucleus. Furthermore myristoylation was shown either to enhance [4], or to be absolutely required for [3] , the binding of Nef to cytoskeletal elements. Interestingly, cytoskeleton binding also required a proline-rich motif implicated in binding to SH3 domains, raising the possibility that Nef might interact with cytoskeletal SH3-containing proteins [ 31.
Nef expression has been shown by many groups to down-regulate cell surface expression of the viral receptor glycoprotein CD4 [5-81. The precise biochemical mechanisms underlying this process remain to be elucidated but it has been shown to result from an increase in the rates of endocytosis and lysosomal degradation of CD4 [8, 9] . Nef myristoylation was shown to be required for the increase in endocytosis [8] ; however, the prolinerich motif was not required [ 101.
Nef has also been demonstrated to enhance the infectivity of HIV-1 in primary lymphocyte cultures by increasing the capacity of viral particles to infect these cells productively [ 1 1,121. This effect was independent of the effects of Nef on CD4 and concomitant effects on envelope expression, because it was shown to occur in Cos cells transfected with HIV-1 proviral clones and with env- One consequence of Nef myristoylation that has not been addressed as yet is the effects of acylation on the structure of the protein. One published study used NMR to obtain structural information about Escherkhia coli expressed non-myristoylated Nef protein [ 141. The data indicated that the molecule could be divided into two distinct domains, an N-terminal 'membrane anchor' domain that lacked any well-defined structure, and a compactly folded hydrophobic core domain starting between amino acids 40 and 66 and extending to the C-terminus. The two domains could be physically separated by cleavage in vitro with recombinant HIV-1 protease between residues 67 and 58, and it has been suggested that this cleavage might play a role in the regulation of Nef function in vivo [ 151. It is interesting to speculate that myristoylation might confer some structure on the N-terminal domain, perhaps even interacting directly with hydrophobic regions in the core domain, as has been shown for the myristoylated catalytic subunit of cyclic-AMPdependent protein kinase [16] . This might also explain the distribution of myristoylated Nef between membrane and cytosol: two conformationally distinct forms of Nef might exist in which the myristoyl group is either anchored into the lipid bilayer or bound to hydrophobic regions of the protein itself. The conformational switch could be generated by an additional modification such as phosphorylation. In this context a number of studies have demonstrated phosphorylation of Nef by members of the protein kinase C family in vitro and in vivo [5, 17] . Alternatively, as is the case for myristoylated alanine-rich C kinase substrate (MARCKS), phosphorylation might simply displace Nef from the membrane by electrostatic repulsion A key question to be addressed when examining the role of myristoylation in Nef function is whether myristoylation merely targets the protein to membrane structures or whether acylation is more directly involved in the interactions between Nef and cellular processes. Myristoylation has been shown to play a role in stabilizing protein-protein interactions in the capsids of picornaviruses and is required for the interactions of G-protein a subunits with their By subunits [19] . It was therefore conceivable that myristoylation of Nef was required for its interactions with cellular proteins. As a first step in addressing this question we generated fusion proteins containing Nef as an N-terminal fusion with glutathione-S-transferase (GST) and expressed these proteins in the baculovirus expression system [ZO] . The resulting Nef-GST fusion proteins were myristoylated and proved to be useful reagents to identify cellular proteins that interacted with Nef in a myristoylation-dependent fashion in vitro. These reagents were also used to demonstrate a direct myristoylation-dependent interaction between Nef and the cytoplasmic tail of CD4 in vivo [21] . This paper describes the identification of two of these proteins that bound to Nef-GST in vitro as the Srcfamily tyrosine kinase p56Lck and B-COP, a major coat component of non-clathrin-coated vesicles.
WI.

Methods
Baculovirus expression
A cDNA for murine Lck was subcloned from pSM.Lck (a gift from Dr. Mark Marsh, University College, London) into the baculovirus transfer vector pAcCL29 and a recombinant baculovirus (AcLck) expressing Lck generated by standard procedures. Expression was verified by immunoblotting with a rabbit serum raised to a peptide corresponding to amino acids 478-509 of murine Lck (a gift from Dr. Mark Marsh). Labelling with ['Hlmyristic acid or ['Hlpalmitic acid was carried out in TC100/1% dialysed foetal calf serum/l% DMSO from 24 to 40 h post infection as described [20] . GST fusion proteins were expressed and purified as previously described [ 201.
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Nef binding assays in vitro
Assays were performed as previously described [20] except that lysates were made from Sf9 cells 
Results
Baculovirus-expressed Lck is enz ymically active and authentically acylated
Polypeptides of 55 or 57kDa from a metabolically labelled extract of Jurkat T-cells were previously observed as binding to immobilized Nef-GST in vitro. Lck was not identified as one of these proteins by immunoblotting; however, this was possibly due to low abundance. In the light of the documented effects of Nef on T-cell signal transduction, a baculovirus recombinant expressing murine Lck was generated to investigate whether Lck could bind to Nef in vitro. To demonstrate that Lck expressed in Sf9 cells retained the autophosphorylating activity of the mammalian enzyme, lysates from Sf9 cells infected with AcLck were incubated at 37°C for 15 min in the presence or absence of ATP (10 pM) and analysed by immunoblotting with antibodies to Lck (Figure 1 a ) or phosphotyrosine ( Figure 16 ). In the presence of ATP, Lck was tyrosine autophosphorylated as expected. The absence of any other phosphotyrosine-containing polypeptides in extracts from control cells (expressing B-galactosidase) strongly suggests that this is not the result of phosphorylation by a cellular tyrosine kinase. Lck is modified by the addition of both an N-terminal myristate residue and palmitate residues on cysteines at positions 3 and 5 [22] . 
Lck and B-COP bind t o Nef in vitro
To determine whether baculovirus-expressed Lck could bind to Nef in vitro, a lysate from Sf9 cells infected with AcLck was incubated with myristoylated Nef-GST, a non-myristoylated derivative (Nef(m-)GST) or myristoylated GST (myrGST) immobilized on glutathione agarose beads as described previously and bound proteins were analysed by immunoblotting with anti-Lck antiserum. Figure 2a shows clearly that Lck bound to Nef-GST essentially quantitatively. This binding was myristoylation-dependent, as a Nef-GST derivative in which the myristoylation signal had been disrupted by a Gly-Ser change failed to bind Lck. It was also dependent on Nef amino acid sequences because GST alone with an N-terminal myristoylation signal failed to bind significant amounts of Lck.
A recent study with the yeast two-hybrid system described a physical interaction between Nef and B-COP [23] . The binding of B-COP to Figure 26 shows that M3A5 detected a protein of IlOkDa, corresponding to /?-COP, that bound to myristoylated Nef-GST but failed to bind to either Nef(m-) GST or myrGST. M3A5 also detected a band of 55 kDa that probably represents a proteolytic degradation product of /?-COP because it increased in intensity after repeated freeze-thawing of extracts. This polypeptide also bound to Nef-GST. This result confirms and extends the previous study, demonstrating that /?-COP binding to Nef in vitro is dependent on Nef myristoylation.
Discussion
This report demonstrates that a baculovirusderived myristoylated Nef-GST fusion protein interacts in vitro with both the Src-family tyrosine kinase p56Lck and /?-COP. The interaction between Nef and these two proteins was dependent on Nef myristoylation as a non-myristoylated derivative failed to bind. Under the assay conditions employed, essentially all the Lck was retained by Nef-GST (Figure 2a, lanes 1 and 2) ; however, approx. 5-10% of the /?-COP was retained ( Figure  2b , lanes 1 and 2). At first glance the demonstration of a direct interaction between Nef and Lck contradicts a recent study of the interaction of a proline-rich motif (PXXP) in Nef with SH3 domains of the Src family kinases Hck and Lyn but not Lck [ 101. However, that study used a filter-binding assay in which a bacterially expressed GST-PXXP fusion protein was probed with biotinylated GST-SH3 fusion proteins, whereas the data described here were obtained by using intact proteins in a native configuration. It is plausible that one role of myristoylation may be to allow Nef to adopt a structure in which the proline-rich motif is exposed. The role of the proline-rich motif in the myristoylation-dependent myristoylation and isoprenylation are considered to be irreversible processes. The effect of these fatty acid modifications may be to mediate protein-lipid and protein-protein interactions as well as stabilizing polypeptide structure.
Myristoylated alanine-rich C kinase substrate (MARCKS) is an acidic myristoyl protein often used as a marker for the activation of protein kinase C (PKC) (for reviews see [5, 6] ). Interaction with calmodulin and actin filaments in vitro [7, 8] suggests that MARCKS may be involved in the regulation of interactions between these two proteins, but the cellular mechanisms for such a function remain to be established. The sites of interaction with actin and calmodulin are contained in the so-called phosphorylation site domain (PSD), a conserved basic region of 25 amino acids that also contains a cluster of PKC phosphorylation sites. The main population of MARCKS is membrane-bound in various cell
